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Abstract  
Membrane reactors have been developed for pure hydrogen production. 
Combining a selective membrane and a catalytic bed, it is possible at the same time 
and in the same unit to catalyse the reactions and permeate the resulted hydrogen 
through the membrane (particularly, palladium-based membranes). By operating at 
appropriate conditions, the thermodynamic values can be reached (or even 
overcome) by the shift effect. Also a specific membrane configuration is adopted 
(finger-like configuration), allowing obtaining ultra-pure hydrogen with enhanced 
membrane resistance. 
This work has the aim of analysing the methane steam reforming and the 
methane steam reforming with some ethanol addition in order to evaluate the 
efficiency of the membrane reactor in terms of hydrogen yield in a singular 
membrane reactor device. Both methods were studied in the same membrane 
reactor made of 142.9 µm thick Pd-Ag (25 wt.% of Ag) tube filled with a platinum 
based catalyst. The studies were performed at different pressures (200 kPa, 500 kPa 
and 800 kPa), temperatures (420 ºC and 450ºC) and water feed flow rates (10 g h-1 
and 15 g h-1), with molar ratios of 1/4 (CH4:H2O) and 1/1/14 (CH4:C2H5OH:H2O).  
The hydrogen yield was higher in the combined methane and ethanol steam 
reforming tests (18 %, at 450 ºC, at 800 kPa and a methane flow rate of 3.86×10-5 mol 
s-1, ethanol flow rate of 3.86×10-5 mol s-1 and a water flow rate of 1.54×10-4 mol s-1 
(10 g h-1)) than in the methane steam reforming (8% under identical conditions 
without insertion of ethanol). The thermodynamic limitations were overcome by the 
shift effect especially for the combined methane and ethanol steam reforming. 
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1 Introduction 
1.1 Hydrogen Production through steam reforming reactions 
Since the beginning of his existence Men needed energy to live. Likewise 
Humanity evolved, also the necessity of increasing energy sources and their 
operations increased extensively, as well as the need of a better management of 
them. The intensive exploration of exhaustive reserves of fossil fuels and their 
environmental consequences assume a worrying scenario for the current century. In 
this context, alternatives for these energy sources are crucial, in special renewable 
and non-polluting sources. Ideally, these sources should be abundant, inexpensive, 
environmentally clean and widely distributed geographically. Nowadays, 
sophisticated technologies are being developed which permit the production of green 
energy, or green fuels to produce energy, as is the case of hydrogen.  
Hydrogen combustion results in water vapour. Thus, it can be seen as an 
important vehicle for a clean energy carrier. Nevertheless, its production processes 
are mostly based in fossil fuels consumption involving a release of greenhouse gases 
into the atmosphere. The most commercialized hydrogen production process is 
methane steam reforming (MSR) combined with water-gas shift reaction (WGSR), 
according to the following reactions (Borgognoni et al., 2011; C.V. Miguel et al., 
2012): 
MSR: CH4 + H2O ↔ CO + 3 H2   𝛥H=205.9 kJ mol
-1   (1.1) 
WGS: CO + H2O ↔ CO2 + H2   𝛥H=-41.1 kJ mol
-1   (1.2) 
Overall reaction: CH4 + 2H2O ↔ CO2 + 4H2   𝛥H=164.8 kJ mol
-1   (1.3) 
Although the water-gas shift is an exothermic reaction, the overall process is 
highly endothermic, due to the high enthalpy required for methane steam reforming. 
Usually, the steam reforming reaction is carried out in conventional reactors in a 
fixed bed with temperatures above 700 ºC because of thermodynamic limitations, 
thus shifting the reaction in the forward way, favourable to hydrogen production; 
besides, kinetics is also favoured at higher temperatures. After that, the resulted 
carbon monoxide is put to react with water resulting in additional hydrogen via water 
gas-shift reaction, yielding also carbon dioxide. In order to purify the hydrogen 
stream, the mixture is sent to pressure swing adsorption (PSA) units, which results in 
4 moles of hydrogen produced for 1 mole of methane consumed in the end of all 
process (cf. eq. 1.3). The high temperatures of reforming require expensive tubular 
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reactors with periodic regeneration due to irreversible coke formation during the 
process.  
Hydrogen production can also be achieved from ethanol steam reforming, for 
instance. This substance has a high energy density and is non-toxic. It can be 
produced from biomass under different fermentative processes, for example though 
cellulose fermentation where residual parts of plants and wastes from food industries 
and others can be used. However, the efficiency of the fermentative processes is 
quite low, resulting in a conversion rate of bioethanol production in general fewer 
than 10%. The alcoholic solution obtained is too much diluted and the distillation 
process required to increase its concentration is too expensive/energy-intensive. As a 
result, a solution is considered to be investigated herein: combine the methane 
steam reforming and the ethanol steam reforming with the aim of using the excess of 
water in the ethanol solution to the methane reaction, and at the same time provide 
ethanol reforming in order to produce hydrogen from both reactants. 
Similar to methane steam reforming, also the ethanol steam reforming (ESR) is a 
highly endothermic process, with the same resulted products and in association with 
water-gas shift reaction: 
ESR: C2H5OH + H2O ↔ 2CO + 4 H2   𝛥H=239.5 kJ mol
-1   (1.4) 
WGS: CO + H2O ↔ CO2 + H2   𝛥H=-41.1 kJ mol
-1   (1.5) 
Overall reaction: C2H5OH + 3H2O ↔ 2CO2 + 6H2   𝛥H=157.1 kJ mol
-1   (1.6) 
Furthermore, the theoretical hydrogen yield obtained in the ethanol steam 
reforming per mole of ethanol used (6 moles – cf. eq. 1.6) is bigger than the 
theoretical hydrogen yield obtained in the methane steam reforming (4 moles) 
(Santucci et al., 2010; Borgognoni et al, 2012). Nonetheless, the ethanol production 
is not enough to support the majority of the hydrogen produced via ethanol steam 
reforming. So, the methane is the most used raw material to produce hydrogen due 
to its existence in nature and to its abundance when compared with ethanol. 
 
1.2 Membrane reactors for steam reforming reactions 
Due to their selective removal capabilities, membranes have been developed for 
separation processes. Indeed, membrane-based technologies have been arousing a 
curious interest in applications involving separation processes due to their continuous 
operation, modularity and reduced costs (Tosti, 2010). 
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Membrane reactors, which combine a selective membrane and a catalytic bed, 
have the ability to perform at the same time the catalysed reactions and the 
permeation through the membrane. Different configurations and arrangements have 
been developed, depending on the reaction of interest; for instance for controlled 
delivery of a reactant or for selective removal of the desired product(s), in this case, 
hydrogen. Once the hydrogen is being continuously removed, the methane (and/or 
the ethanol) will be continuously consumed in a tentative of reaching the 
equilibrium. This phenomenon is typically called shift effect of the membrane, where 
thermodynamic equilibrium can be overcome by constantly removing the hydrogen, 
moving the methane (or ethanol) consumption towards the products according to the 
Le Chatelier’s principle; besides, the products of this reaction are constantly being 
produced, hopefully with a much higher purity (Basile and Galluci, 2011). 
Particularly for hydrogen production, dense (defect-free) palladium membranes 
exhibit infinite hydrogen permeation. However, palladium is a high cost metal whose 
price is directly proportional to membrane thickness: as thinner is the thickness, as 
cheaper it will be the final membrane. Furthermore, the membrane thickness affects 
also the hydrogen permeation: the thinner the membrane the higher is the 
permeation flux. This reduction in thickness has however to be thoroughly well-done 
in order to do not negatively affect the membrane integrity and durability. In fact, 
each process has its own range of operating conditions, namely temperature and 
pressure, and inherently a minimum membrane thickness has to be guaranteed, 
which should count with the mechanical stresses that currently occur during the 
process due to different pressures in both membrane side (retentate and permeate). 
The production method normally used to reduce the wall thickness of self-supported 
dense palladium-based membranes is cold rolling in a combination with diffusion 
welding (Basile and Galluci, 2011). This method was developed with the aim of 
decreasing membrane thickness and at the same time do not affect negatively its 
efficiency, improve its long life and reduce the costs. But the membrane is not made 
of pure palladium. During hydrogen permeation, the hydrogen is adsorbed in the feed 
side surface, is dissociated into hydrogen atoms that dissolve into the metal bulk and 
diffuse to the permeated side, being afterwards associated into hydrogen molecules 
and finally desorbed from the permeated side surface (Tosti, 2010). Particularly, the 
hydrogen uploading involves a significant expand of the metal lattice. Thus, 
hydrogenation cycling of palladium involves membrane elongation and contraction 
which can result in shatter the thin wall membrane tube. In order to avoid membrane 
deformations some amount of silver, usually around 25% wt.%, is added to the 
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membrane during its production, reducing the expansion of the metal lattice under 
hydrogen uploading and then conferring a certain resistance to hydrogenation 
cycling. Along with some silver addition, a strategically mechanical design of the 
membrane module was suggested: “finger-like” configuration. It consists in fixing one 
of the extremes of the membrane tube to the shell and leave the other extreme 
(closed) also inside of the shell but without being tied to anything, giving it free 
space for elongation and contraction thus minimizing the possibility of mechanical 
stresses and increasing its durability and reliability (Tosti et al., 2006; Tosti, 2010). 
So, this work had the aim to investigate the production of ultra-pure hydrogen in 
a membrane reactor in two different processes: methane steam reforming and 
methane steam reforming with some ethanol addition. Both methods were studied in 
the same membrane reactor made of thin walled palladium-silver (Pd-Ag, 25 wt.% of 
Ag) tube filled with a platinum based catalyst. This catalyst used owns a big affinity 
with hydrogen and a high potential in dissociation process (which simplifies the 
reaction evolution), under different ranges of pressure, temperature and feed 
composition. This study was done in order to verify the efficiency of the reactor in 
terms of reactant(s) conversion and hydrogen permeation in a singular membrane 
reactor device. 
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2 State of the Art at ENEA  
Nowadays, and as mentioned in the previous chapter, the commonly used process 
to produce pure hydrogen is methane steam reforming combined with water-gas shift 
reaction consuming non-renewable sources in traditional reactors. Using a membrane 
separation process in order to purify hydrogen is advantageous: at the same time 
that the reaction is being catalysed also the separation of the desired product can be 
made. Furthermore, when the reaction is carried out in traditional reactors high 
temperatures are required due to the thermodynamic (very endothermic process) 
and kinetics requirements. In membrane reactors, once one of the products is being 
removed, the reaction is promoted by the shift effect. So, the reaction can occur at 
lower temperatures than in traditional reactors and the hydrogen yield can be 
higher, with a higher purity. 
In Frascati Research Centre of ENEA (Italian National Agency for New 
Technologies and Sustainable Economic Development), the Membrane Laboratory in 
the Fusion Department has developed, since the 90’s, methods to separate pure 
hydrogen and its isotopes in the framework of nuclear fusion technology. It was 
proved that membranes made of dense metals have a worthy permeability and 
selectivity towards hydrogen, especially palladium-based membranes. These 
membranes could be used for separating pure hydrogen in dehydrogenation processes 
(i.e. reforming, water gas-shift, etc). Several tests have been realized in an 
experimental set-up divided in two steps: the reaction was carried out at high 
temperatures in a traditional reformer (reactor) and the hydrogen separation in a 
palladium multi-membrane module adopting a “finger-like” configuration, which can 
avoid mechanical stresses of the permeators thus ensuring their long-life (Tosti, 
2010); thus, two consecutive units have been employed (packed-bed reactor followed 
by a downstream membrane separation module). 
In the present work, a different strategy was considered: a membrane reactor 
was used. In such a device both the reaction and the permeation occur at the same 
time, thus less intensive conditions (namely temperature) can be employed. The 
methane steam reforming was performed in two different ways: with pure water and 
with a mixture of water and ethanol. Thus, with the aim of understanding and 
improving the methane conversion and the hydrogen permeation in one step by 
methane steam reforming, some experimental tests were carried out in a membrane 
reactor under different conditions of temperature, pressure and feed composition 
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using a palladium-silver membrane tube of wall thickness 142.9 µm. The operation 
values of temperatures were 420 ºC and 450 ºC, total pressures were 200 kPa, 500 
kPa and 800 kPa, and the feed molar ratios were methane/water of 1:4 for the 
methane steam reforming and methane/ethanol/water of 1:1:14 for the methane-
ethanol steam reforming. Inside the tube containing the membrane it was 
introduced, in a fixed bed configuration, a catalyst made of platinum supported on 
alumina. It is expected to obtain pure hydrogen (separated through the dense Pd-Ag 
membrane) and analyse the efficiency of the process in terms of reaction conversion 
and hydrogen yield. 
An important aspect to be investigated is the effect of the pressure for the tested 
Pd-based membrane reactor. In fact, in such a device the reaction is 
thermodynamically promoted by low pressures (due to the decrease in the total 
number of moles – cf. reactions 1.3 and 1.6), while the permeability of hydrogen 
through the Pd-Ag membrane is favourable at high pressures, reaction kinetics should 
also be favoured by high feed pressures. The resulting behaviour of the hydrogen 
yield versus the pressure has to take into account the balance between these 
opposite effects; thus, this study can be useful for the optimization of the membrane 
process. Producing a pretty amount of hydrogen is not useful if the same cannot be 
permeated through the membrane, and vice versa. The choice of the temperature is 
limited in the range 420-450 ºC because the Pd-Ag membrane tube is joined at the 
stainless steel parts by a brazing alloy that melts over this temperature. 
Conciliating all of these problems and more that probably will appear, it is 
estimated to produce pure hydrogen in a rentable process, or, at least, to look for 
some important improvements which can be advantageous in this field.  
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3 Experimental Setup 
3.1 Assembly of the membrane reactor 
The membrane reactor is composed by a metal tube made by palladium-silver (25 
wt.% of Pd), joined at two stainless steel tube ends and filled with a Pt-based 
catalyst. The palladium-based tube is a commercial version with a wall thickness of 
142.3 µm. The catalyst is made of platinum over alumina (1 wt.% of Pt) with a 
spherical shape whose average diameter is 1.5 mm. It is produced by the German 
company BASF, CODE 00040, MODEL SP-01 T, LOT 14085, type dry unreduced, Pt on 
oxidized carrier material. 
 
Figure 3.1. Picture of the membrane coupled with the two stainless steel parts in both extremes 
In the ENEA laboratory thin wall Pd-Ag tubes are produced via cold rolling and 
diffusion welding procedure. Using a plastic slab with a depression in the middle and 
coated by a spongy material, the cold-rolled palladium-silver foil was carefully 
deformed to a curve shape so that the limbs of the foil are overlapped by 2-3 mm. 
When the foil was enough pliable, it was wrapped around an alumina bar with a 
diameter of 10 mm (the membrane length is 14.4 cm) and put in a metal press 
consisting of two Inconel slabs linked with screws in order to apply a proper pressure 
over the metal parts (the overlapped limbs), which are then joined via the diffusion 
welding process by heating in an oven at 900 ºC for 1-2 hours. After join via diffusion 
welding, two stainless steel tubes have been joined by brazing to the Pd-Ag tube (cf. 
Fig. 3.1). 
 The additional stainless steel parts are impermeable to any gas: they have the 
aim of connecting the permeating tube to the membrane module (cf. Fig. 3.2). Thus, 
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only through the membrane the resulted hydrogen is being permeated to the shell 
side.  
CH4+H2O
Retentate
N2
N2+H2
H2H2
H2H2
H2
H2
H2
 
Figure 3.2. Scheme of the membrane reactor 
 Then, the catalyst was added inside of the membrane lumen together with 
glass spheres (used as an inert filling material). In total, the quantity of catalyst used 
was 12.88 g distributed inside the membrane. 
 Finally, the membrane module was placed inside a shell made of Pyrex whose 
thermal expansion coefficient is low and when submitted at high temperatures the 
material doesn’t expand. The heating system consists of a platinum wire coil 
wrapped around the membrane through alumina supports, as shown in Figure 3.3. 
Hydrogen production via dehydrogenation reactions 
 
9 
 
 
Figure 3.3. Membrane coupled with the heating system 
 
3.2 Assembly of the experimental plant 
The plant where the experimental study was carried on is represented in Figure 
3.4. 
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Figure 3.4. Scheme of the experimental set-up. 
The bottles of nitrogen, hydrogen and methane are connected to a gas mass flow 
controller (MFC1, from MKS, Model 1179B, 500 sccm as full scale) which regulates the 
mass flow rate. Although the MFC1 is connected to 3 bottles, only one gas will pass. 
In other words, they do not pass all at the same time. The valves V1, V2, V3, V4 and V5 
permit to determine which gas is passing. At the same time, a tank connected to a 
liquid mass flow controller (LMFC, from Brooks Instrument, Nº 006588, Model QMAC), 
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containing liquid water, had been pressurized with argon which permits the water 
rises up. Then, the water is vaporized at 200 ºC by heating the stainless tube piping. 
At this time, both the vapour (coming from the tank through the vaporizer) and the 
gases coming from the bottles form the inlet feed required to get into the membrane 
reactor. 
The shell side of the membrane reactor is swept by nitrogen (cf. Fig. 3.2). So, the 
outlet stream of the shell will be composed by nitrogen and the permeated 
hydrogen. The inlet flow rate of the shell is regulated by a mass flow controller 
(MFC2, from MKS, Model 1179B, 1000 sccm as full scale) while the pressure is 
measured by the pressure gauge P1. On the other hand, the outlet flow rate is 
measured by the mass flow meter (MFM); the pressure in the retentate side is 
gathered by the pressure gauge P2 (cf. Fig. 3.4). The membrane temperature is 
measured by thermocouples which should be placed in close proximity of the 
membrane surface taking into account that a slight distance must be maintained 
from the membrane in order to avoid its damage. The outlet stream of the 
membrane lumen (called retentate) is linked to a condenser consisting of a stainless 
steel container immersed in a cold trap mixture where the liquid phase of the 
retentate is separated from the gases. This mixture, kept in an insulated recipient, is 
made of liquid nitrogen and some ethanol and is characterized by a melting point 
around -10 ºC. Thus, at this temperature, all the liquid phase (water and other 
compounds that are liquid at low pressure) is separated while the other gases (CO, 
CO2, CH4, H2, etc) are sent to the gas chromatograph (GC) for analysis. In fact, the 
non-permeated (or retentate) flow rate leaving the membrane after the condenser is 
collected into a closed and impermeable bag and then injected in the GC with the 
aim of analysing quantitatively and qualitatively its composition. The GC model is 
7820A and it is furnished by Agilent Technologies. It is composed by two columns (a 
capillary column and a carbon plot) and two detectors (FID – flame ionization; TCD – 
thermal conductivity). The carrier gas is helium and the flow can vary with the 
chosen program (in this case, optimization method, at a helium flow reference of 20 
ml min-1 for both detectors and hydrogen flow of 50 ml min-1 and oxygen flow of 400 
ml min-1 for the flame).  
All the experimental data collected through the control system have been 
displayed in real time and recorded in a digital format by the software Labview.  
In the Appendixes A, B, C and D are exposed the experimental procedure, the 
leak tests realized, the flow rate calculations and the calculation of quantities of 
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water need to add to the mixture C2H5OH/H2O to obtain the previously chosen 
quantity (1:14), respectively. 
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4 Permeation tests 
The permeation test consists in determining the hydrogen permeability of the Pd-
Ag membrane under the operating conditions of the membrane reactor. For that pure 
hydrogen was passed at different temperatures (300 ºC, 400 ºC and 450 ºC) and 
pressures (200 kPa, 500 kPa and 800 kPa). 
The hydrogen permeability through the membrane is calculated by the Sieverts’ 
law equation (Borgognoni et al., 2011): 
   
   
   
             
      (4.1) 
where Pe is the membrane permeability towards hydrogen (mol m-1 s-1 Pa-0.5), J the 
hydrogen permeation flux, i.e. the permeated flow rate for all the membrane area 
(mol s-1 m-2), d the membrane wall thickness (m) and     and           the hydrogen 
partial pressure (Pa) in the up-stream (lumen side in this case) and in the down-
stream (shell side), respectively. 
During the permeation tests no nitrogen was fed into the shell side in order to 
increase the hydrogen partial pressure at down-stream. Thus, the difference 
   
             
     (driving force), as well as the hydrogen permeation flux through the 
membrane, are less than in the case of sweeping the shell side with nitrogen.  
These calculations (i.e. permeability values) were made for all temperatures and 
pressures. The results are presented in Table 4.1. 
 Table 4.1. Permeability results using the Sieverts’ law equation (eq. 4.1).  
T (ºC) 300 ºC 400 ºC 450 ºC 
P (kPa) Pe (mol s-1 m-1 Pa-0.5)  
200 1.48×10-8 1.72×10-8 1.84×10-8 
500 1.69×10-8 1.97×10-8 2.09×10-8 
800 1.82×10-8 2.02×10-8 2.10×10-8 
The permeation is a thermal process whose efficiency increases with the 
temperature, as described by the Arrhenius’ law: 
        
   
     (4.2) 
where Pe0 is the permeability pre-exponential factor (mol m
-1 s-1 Pa-0.5), Ea the 
activation energy (J mol-1), R the ideal gas constant (J mol-1 K-1) and T the absolute 
temperature (K). 
Hydrogen production via dehydrogenation reactions 
 
14 
 
The values of the permeability pre-exponential factor and the activation energy 
can be calculated by a linear regression once the logarithm has been applied in both 
sides of the Arrhenius’ law equation: 
  (  )   
  
  
    (   )   (4.3) 
Once the values of Pe and T are known, through a linear regression, by making a 
graph of ln Pe versus 1/T, it is possible to determine the values of –Ea and Pe0.  
 
Figure 4.1. Graph of ln Pe versus 1/T (Arrehnius plot) at different pressures. 
The hydrogen permeation through the membrane suffers a certain mass transfer 
resistance over the metal surface which affects the permeability values and makes 
them depending from the pressure (Appendix E) as reported in Table 4.1. Thus, the 
resistance should be taken into account by including these surface effects in the 
Sieverts’ law equation (Vadrucci et al., 2013): 
   
   
(       )
    (             )
      (4.4) 
where RS is the surface resistance (Pa s m
2 mol-1) and can be defined by the 
Arrhenius’ law: 
        
    
     (4.5) 
where    is the pre-exponential coefficient (m
2 s Pa mol-1) and     is the activation 
energy (J mol-1). 
The way of calculating the permeability values is the same being the only 
difference the introduction of the surface resistance. It is an iterative process where 
the values of Rs were booked in literature and previous studies in order to define a 
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range of its values. In general, they are between the interval 104-106 Pa s m2 mol-1. In 
this calculation, the considered interval was 1.61×106 - 2.41×106 Pa s m2 mol-1 and 
the permeability was re-calculated for each temperature at each pressure. The 
equation 4.4 is numerically solved by drawing the graph of the permeability (Pe) 
versus the surface resistance (Rs) as presented in the Figures 4.2, 4.3 and 4.4 at 
different pressures.  
 
Figure 4.2. Pe versus RS at 300 ºC. 
 
Figure 4.3. Pe versus RS at 400 ºC. 
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Figure 4.4. Pe versus RS at 450 ºC. 
The values of Rs and Pe solving eq. 4.4 for each temperature correspond to the 
point where there is an interception between the tree straights: particularly, this 
value of Pe should be unique for all the three pressures. Frequently, as the used 
results are affected by the experimental errors, these curves do not intercept all in 
the same point creating an interval of solutions. As a result, an average of these two 
values (minimum and maximum value for RS and minimum and maximum value for 
Pe) should be considered in order to determine the values of Pe and Rs at each 
temperature. In this case, the resulted intervals are pretty large. The values of Rs 
should decrease with an increase in the temperature, while the Pe values should 
increase. So, the obtained intervals should be carefully analysed and judged. Thus, it 
was considered the crossed points that were respecting the expected behaviour (cf. 
Table 4.2). 
Table 4.2. Chosen values for Pe and Rs at each temperature. 
T (ºC) RS (mol s m
2 Pa-1) Pe (mol s-1 m-1 Pa-0.5) 
300 2.21×106 3.75×10-8 
400 1.86×106 4.23×10-8 
450 1.71×106 4.45×10-8 
Once the values of Pe and RS are defined for each temperature, the Arrhenius law 
can be written for each one of them. Using the same procedure above-described, 
two graphs are made: ln Pe versus 1/T and ln RS versus 1/T (Figures 4.5 and 4.6, 
respectively).  
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Figure 4.5. Graph of ln Pe versus 1/T. 
 
Figure 4.6. Graph of ln RS versus 1/T. 
The values of RS0 and Pe0 can be calculated, as well as the corresponding 
activation energies. The results are presented in Table 4.3. 
Table 4.3. Calculated values by the Arrhenius’ law. 
Pe0 (mole s
-1 m-1 Pa-0.5) Ea (J mol-1) RS0 (mol
-1 s m2 Pa) ERS0 (J mol
-1) 
8.53×10-8 3.92×103 6.53×105 5.82×103 
In Table 4.4 are presented the results found in literature at pressures in the range 
200 – 800 kPa, temperatures 200 – 350 ºC and membrane thicknesses 150 µm and 200 
µm (Vadrucci et al., 2013). 
Table 4.4. Results found in literature for Pe0 and activation Ea. 
d (µm) Pe0 (mole s
-1 m-1 Pa-0.5) Ea (J mol-1) 
150 5.63×10-8 5.46×103 
200 2.06×10-8 2.59×103 
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Table 4.5. Results found in literature for RS0 and ERS0 for membrane thickness 200 (µm) 
d (µm) RS0 (mol
-1 s m2 Pa) ERS0 (J mol
-1) 
200 4.88×102 2.01×104 
The deviations observed between data obtained in this work (Table 4.3) and 
those reported in the literature (Tables 4.4. and 4.5) can, in some extend, be 
justified by the difference in membrane thicknesses and different ranges of 
temperatures adopted. 
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5 Reforming tests 
5.1 Methane Steam Reforming 
The methane steam reforming tests were carried out at three different flow 
rates, at different temperatures and pressures with the view to understand their 
effects in such reaction and how it can be improved in order to produce more 
hydrogen.   
Before starting with the reforming tests, a thermodynamic study was performed 
to verify which by-products could result from the reaction between methane and 
water vapour using the software AsTher. The conditions considered were 450 ºC and 
200 kPa once this is, from the thermodynamic point of view, the best condition to 
perform the reaction (highest temperature and lowest pressure in the chosen ranges 
for the entire project). The molar ratio used was 1/4 (CH4:H2O) as previously 
mentioned. The result is shown in the table below. 
Table 5.1. Thermodynamic study for the methane steam reforming at 450 ºC and 200 kPa. 
Compounds Outlet stream (mol) Molar content (%) 
CH4 0.78 14 
H2O 3.58 66 
H2 0.88 16 
CO2 0.20 4 
CO 0.01 1.26×10-1 
Others 5.40×10-6 9.92×10-5 
Thermodynamically, in the outlet steam (for a continuous reactor which exit 
stream is under equilibrium)  it is expected to obtain a big amount of water (which is 
normal due to the excess of water used), hydrogen and carbon dioxide as it was 
expected, some methane which did not react with water, a small amount of carbon 
monoxide which was not converted into carbon dioxide and some other chemical 
compounds that derivate from side reactions like the combination of carbon, 
hydrogen and oxygen, for example C2H4, C2H5, CH3OH, etc. (cf. Apendix F). However, 
all together these species represent a very small amount (actually it is almost zero, 
and so was not considered). Indeed, although the other compounds formed are in 
insignificant quantities there are some parallel reactions that can occur; besides the 
reactants also the resulted products can react with the other present compounds in 
the mixture. 
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Nonetheless, AsTher just predicts by-products in gas phase. Indeed, another 
substance is formed in solid phase (coke), as it was expected and proved during the 
tests. The presence of coke is noted by a decrease in the hydrogen permeability 
through the membrane reactor. Furthermore it works as a “wall”, which reduces the 
permeation available area; it also blocks the catalyst active sites. For this reason, 
after each experiment (once per day, i.e. for instance after tests at T=420 ºC, at a 
water flow rate of 10 g L-1 and pressures from 200 kPa to 800 kPa), hydrogen was 
passed for 45 minutes at the lowest temperature which is possible to work (300 ºC) 
and at the maximum pressure because the reaction of coke with hydrogen 
(methanation reaction) is promoted at low temperature (cf. Annexe G). However, it 
was demonstrated to be insufficient – the permeability values were not still 
acceptable compared with the pure hydrogen. In this way, after that, air (from a 
bottle) was also passed at 400 ºC and normal pressure for 30 minutes (cf. Annexe G). 
Although the permeability was slightly under the maximum value, the use of air 
revealed very efficient and the permeability value could be considered acceptable. 
In the beginning the use of air was avoided because its reaction with coke is strongly 
exothermic, which could damage the catalyst or the membrane reactor wall (cf. 
Annexe G).  So, the procedure consisted in treating before with hydrogen and then 
with air. 
The hydrogen yielded and collected in the shell side (permeated) during methane 
steam reforming corresponds to the capacity of the system to produce hydrogen, in 
other words, its efficiency. It is calculated by the formula: 
        
         
          
       (5.1) 
where           is the hydrogen flow rate in the shell side (mol s
-1) and          is the 
methane feed flow rate (mol s-1); the numerical factor 4 is due to the stoichiometry 
of the methane steam reforming reaction (cf. eq. 1.3). In fact, the hydrogen flow 
rate in the shell side is calculated by making the difference between the flow rates 
(outlet and inlet streams) in the shell side, where nitrogen was used as sweep gas. In 
the inlet steam is measured the nitrogen flow rate (only that gas is present in the 
inlet stream) and in the outlet stream the nitrogen plus the permeated hydrogen 
flow rate (cf. Fig. 3.2). Thus, by making this difference is possible to calculate the 
hydrogen flow rate permeated. 
However, not all the hydrogen is permeated. Some amount of it does not pass to 
the shell side and leaves the module by the retentate stream. Thus, in order to 
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measure the gases concentration in the membrane outlet stream, a GC analysis was 
performed. 
The tests were performed at water feed flow rates of 10 g/h and 15 g/h, 
respectively, first at 450 ºC and then at 420 ºC.  
 
5.1.1 Pressure effect 
The pressures studied were 200 kPa, 500 kPa and 800 kPa, from the lowest 
pressure to the highest one and vice-versa. When the reaction starts some coke is 
formed. Thus, the tests were performed in both directions (pressure going up and 
pressure going down) with the aim of understanding how coke formation can affect 
the membrane permeability and thus overall membrane reactor performance. The 
results are presented in Figures 5.1, 5.2, 5.3 and 5.4 for the different water feed 
flow rates (10 and 15 g h-1) and temperatures (420 ºC and 450 ºC). 
 
Figure 5.1. Hydrogen yield from methane steam reforming at 420 ºC, 10 g h-1 of water flow rate 
and from 200 kPa to 800 kPa and vice-versa. 
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Figure 5.2. Hydrogen yield from methane steam reforming at 420 ºC, 15 g h-1 of water flow rate 
and from 200 kPa to 800 kPa and vice-versa. 
 
 
Figure 5.3. Hydrogen yield from methane steam reforming at 450 ºC, 10 g h-1 of water flow rate 
and from 200 kPa to 800 kPa and vice-versa. 
 
Figure 5.4. Hydrogen yield from methane steam reforming at 450 ºC, 15 g h-1 of water flow rate 
and from 200 kPa to 800 kPa and vice-versa. 
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In all figures it is possible to observe that in the tests started at 200 kPa the 
hydrogen recovered in the shell side at this pressure is higher than when the test 
starts at 800 kPa. The same happens in the opposite direction; i.e. when the test 
starts at 800 kPa the hydrogen recovered in the shell side at this pressure is higher 
than when the test starts at 200 kPa. These differences are due to the coke 
formation and some other compounds that are probably poisoning the system and 
which are being formed since the reaction starts. Thus, after some time, the 
hydrogen produced and permeated through the membrane tends to decrease. 
Considering “the most cleaning” points in both 200 kPa and 800 kPa pressures 
(the pressure at 200 kPa when the test started at 200 kPa and the pressure at 800 
kPa when the test started at 800 kPa) for each temperature and flow rate, each 
graph presented before can be shown with one curve, with the point where the 
hydrogen yield was the best (although the best points at 500 kPa are not “clean”, 
once there was no time to perform all the tests starting at 500 kPa, for the analysis 
were considered the highest values obtained in the previous runs in terms of 
hydrogen yield). Results are reported in Figures 5.5 to 5.8. 
 
Figure 5.5. Hydrogen yield from methane steam reforming as a function of total pressure at 420 ºC and 
10 g h-1 of water flow rate. 
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Figure 5.6 Hydrogen yield from methane steam reforming as a function of total pressure at 420 ºC and 
15 g h-1 of water flow rate. 
 
 
Figure 5.7. Hydrogen yield from methane steam reforming as a function of total pressure at 450 ºC and 
10 g h-1 of water flow rate. 
 
Figure 5.8. Hydrogen yield from methane steam reforming as a function of total pressure at 450 ºC and 
15 g h-1 of water flow rate. 
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The pressure affects the hydrogen production through two opposite effects. On 
one hand the reaction is, from the thermodynamic point of view, promoted at lower 
pressures because the reaction (cf. eq. 1.3) takes place with an increase on the 
number of moles. On the contrary, with an increase in the pressure, the permeation 
through the membrane increases, according to the Sieverts’ law. Such an effect 
shifts the reaction towards the products, thus increasing the conversion of the 
dehydrogenation reactions (the so called shift-effect of the membrane reactors). The 
graphs in Figures 5.5, 5.6, 5.7 and 5.8 indicate that the shift effect seems to be 
positively felt, promoting hydrogen production (the shift effect overcomes the 
thermodynamics). 
In Figures 5.9, 5.10, 5.11 and 5.12 are exposed the hydrogen percentages in the 
retentate side, by plotting the percentage of hydrogen non-permeated (in the lumen 
side) versus the pressure, corresponding to the some experiments and conditions 
shown in Figures 5.5 to 5.8. 
 
Figure 5.9. Hydrogen percentage present in the retentate side from methane steam reforming as a 
function of total pressure at 420 ºC and 10 g h-1 of water flow rate. 
 
 
0
1
2
3
4
5
6
0 200 400 600 800 1000
H
2
 i
n
 t
h
e
 r
e
te
n
ta
te
 (
%
) 
P (kPa) 
Hydrogen production via dehydrogenation reactions 
 
26 
 
 
Figure 5.10. Hydrogen percentage present in the retentate side from methane steam reforming as a 
function of total pressure at 420 ºC and 15 g h-1 of water flow rate. 
 
Figure 5.11. Hydrogen percentage present in the retentate side from methane steam reforming as a 
function of total pressure at 450 ºC and 10 g h-1 of water flow rate. 
 
Figure 5.12. Hydrogen percentage present in the retentate side from methane steam reforming as a 
function of total pressure at 450 ºC and 15 g h-1 of water flow rate. 
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membrane wall), being the overall tendency to decrease when the pressure increases 
(more hydrogen is being permeated).   
 
5.1.2 Temperature effect 
The temperatures studied were 420 ºC and 450 ºC. The results (Figures 5.13 and 
5.14.) are the same shown in the previous sub-chapter but exposed in terms of 
temperature variation and considering the best results before explained for each 
pressure. 
 
Figure 5.13. Hydrogen yield from methane steam reforming at a water flow rate of 10 g h-1 and 
different temperatures and pressures. 
 
Figure 5.14. Hydrogen yield from methane steam reforming at a water flow rate of 15 g h-1 and 
different temperatures and pressures. 
The temperature which produced better hydrogen yield was 450 ºC, whatever the 
feed flow rate and pressure. The reaction of methane with water, which produces 
mainly hydrogen (and carbon dioxide as a by-product), is highly endothermic and so 
benefited, from the thermodynamic point of view, by high temperatures. Also the 
permeation process through the membrane is favourable at high temperatures 
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(Sieverts’ law), as well as is the reaction kinetics (Arrhenius equation). As a result, in 
the studies made at 450 ºC we got better results in terms of pure hydrogen produced. 
The hydrogen percentage presented in the retentate side (Figures 5.15 and 5.16) 
decreases considerably with the pressure, but with the temperature this is not 
always observed, particularly at low pressures where driving force is not so 
pronounced; although more hydrogen is being produced in such conditions, 
permeation is not so affected, and the net result is an increased H2 content in the 
retentate at low pressures and high temperatures.  
 
Figure 5.15. Hydrogen percentage present in the retentate side from methane steam reforming at a 
water flow rate of 10 g h-1 and different temperatures and pressures.
 
Figure 5.16. Hydrogen percentage present in the retentate side from methane steam reforming at a 
water flow rate of 10 g h-1 and different temperatures and pressures. 
Nonetheless, according to the thermodynamics, coke formation rises with 
temperature. It means that although the hydrogen production has a better yield at 
450 ºC, the membrane reactor performance can be conditioned by that. 
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5.1.3 Feed flow rate effect 
The flow rates studied were 3.86×10-5 mol s-1 of methane for 1.54×10-4 mol s-1 (10 
g h-1) of water and 5.79×10-5 mol s-1 of methane for 2.31×10-4 mole s-1 (15 g h-1)  of 
water; thus, in both cases the CH4:H2O molar ratio was kept constant. The results are 
presented in Figures 5.17 and 5.18. Also in this analysis the results are the best 
before explained for each pressure, considering the feed flow rate variations. 
 
 
Figure 5.17. Hydrogen yield from methane steam reforming at 420 ºC and different water flow rates 
and total pressures. 
 
Figure 5.18. Hydrogen yield from methane steam reforming at 450 ºC and different water flow rates 
and total pressures. 
The graphs presented in Figures 5.17 and 5.18 suggest that, in general, the higher 
the feed flow rate, the less the hydrogen yield. It can be justified by the analysis of 
the residence time. When a higher flow rate is being employed less time the 
reactants will remain inside of the reactor and so less time to react.  
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The same can happen about coke formation. The higher is the flow rate, less coke 
will be formed, and vice versa. However, at higher feed flow rates of methane also 
more carbon is being added, and so this trade-off can mask the results. 
Initially, as it was mentioned before (introduction), it was predicted to study also 
a water flow rate of water at 5 g h-1. However, the results were near to the 
sensibility of the mass flow meter. It means that the hydrogen production was pretty 
low. For that reason, this flow rate was excluded in the analysis. 
In Figures 5.19 and 5.20 are represented the hydrogen percentage presented in 
the retentate side. 
 
Figure 5.19. Hydrogen percentage present in the retentate side from methane steam reforming at 420 
ºC and different water flow rates and total pressures. 
 
Figure 5.20. Hydrogen percentage present in the retentate side from methane steam reforming at 450 
ºC and different water flow rates and total pressures. 
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5.1.4 General analysis 
In Figures 5.21 and 5.22 are exposed two graphs of hydrogen yield showing the 
expected results from thermodynamics, as well as the experimental results at 420 ºC 
and 450ºC, at different flow rates and pressures. 
 
 
Figure 5.21. Comparison of H2 yield according to thermodynamics and experimental results at 420 ºC 
from methane steam reforming. 
 
Figure 5.22. Comparison of H2 yield according to thermodynamics and experimental results at 450 ºC 
from methane steam reforming. 
In theory (considering only the stoichiometry), by reaction of one mole of 
methane with four moles of water, three moles of hydrogen are obtained, along with 
one mole of carbon dioxide and three moles of water (due to water excess), which 
means 75% of hydrogen yield. It corresponds to the ideal results, i.e. complete 
methane conversion. One the other hand, considering the thermodynamics of the 
reaction, which is irreversible, and so the influence of the temperature and pressure, 
the hydrogen produced is much lower. By the thermodynamic data it is possible to 
conclude that the reaction is promoted in the forward direction at high temperatures 
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and low pressure. At a temperature of 450 ºC and at a pressure of 200 kPa, the 
percentage of hydrogen yield would be 16%, which decreases to around 6% at 800 
kPa. But, due to the shift effect advantage it was possible to overcome with the 
membrane reactor the thermodynamic limitations at the highest temperature studied 
(450 ºC). Actually, the best experimental result obtained was at 450 ºC, at 800 kPa 
and a methane flow rate of 3.86×10-5 mole s-1 and a water flow rate of 1.54×10-4 mole 
s-1 (10 g h-1), for which a percentage of hydrogen recovered of 8% was reached.  
 
5.2 Combination of methane and ethanol steam reforming 
The combined methane and ethanol steam reforming experiments were carried 
out at the same conditions of temperature (420 ºC and 450 ºC), pressure (200 kPa, 
500 kPa and 800 kPa) and water feed flow rate (10 g h-1 and 15 g h-1) than methane 
steam reforming. 
The thermodynamic study was again carried out using the software AsTher at 450 
ºC and 200 kPa (best condition applicable for the promotion of the reaction). The 
molar ratio used was 1/1/14 (CH4:C2H5OH:H2O) as previously chosen. The results are 
shown in the table below. 
Table 5.2. Thermodynamic study for the combined methane and ethanol steam reforming at 450 ºC and 
200 kPa. 
Compounds Outlet steam (mol) Molar content (%) 
CH4 1.85 10 
C2H5OH 9.96×10
-12 5.45×10-11 
H2O 12.82 70 
H2 2.48 12 
CO2 1.10 6 
CO 0.03 0.16 
Others 1.07×10-5 5.87×10-5 
By the thermodynamics, in the outlet steam (for a continuous reactor which exit 
stream is under equilibrium) it is essentially predictable to have water (fed in 
excess), hydrogen, carbon dioxide and methane. The ethanol is practically all 
consumed as well as the carbon monoxide. Some other substances could be formed 
(cf. Appendix F) but their presence is in very small quantities and so they do not have 
a significant influence. 
The presence of coke was noted, like it happened with the previous reforming 
tests (see Methane Steam Reforming section). Thus, the same experimental 
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procedure before performed needed to be applied again for the regeneration of the 
membrane/catalyst: flow of hydrogen for 45 minutes at the lowest temperature and 
at maximum pressure (which was not sufficient) and then flow air at 400 ºC and 
normal pressure for 30 minutes (cf. Annexe G). The strategy revealed to be enough 
satisfactory in terms of membrane permeability. 
The efficiency of this reactor is evaluated in terms of hydrogen produced and 
recovered in the shell side (permeated), by the hydrogen yield: 
        
         
                        
   (5.2) 
where           is the hydrogen flow rate in the shell side (mol s
-1),          is the 
methane feed flow rate (mol s-1) and             is the ethanol feed flow rate (mol s
-
1); the numerical factor 4 is due to the stoichiometry of the methane steam 
reforming reaction (cf. eq. 1.3) and the numerical factor 6 is due to the 
stoichiometry of the ethanol steam reforming reaction (cf. eq. 1.6). The hydrogen 
flow rate is calculated by the same process used in the methane steam reforming (by 
making the difference between the flow rates, outlet and inlet streams, in the shell 
side; cf. Fig. 3.2). 
In the outlet steam (retentate), in order to measure the gases concentration, a 
GC analysis was performed. 
The tests were performed at water feed flow rates of 10 g/h and 15 g/h, 
respectively, first at 450 ºC and then at 420 ºC.  
 
5.2.1 Pressure effect 
The pressure effects were interpreted in the same line of reasoning as in 
methane steam reforming. First, it was carried out an analysis of the studied 
pressures (200 kPa, 500 kPa and 800 kPa) effect from the lowest pressure to the 
highest one and from the highest to the lowest one. Then the best points of each 
pressure were chosen (also in this reforming experiments there was no time to 
realize the runs at 500 kPa; the highest obtained value was considered) and, based 
on that results, an interpretation of the pressure variation effect was done. 
In Figures 5.23, 5.24, 5.25 and 5.26 are presented the results from both cycles of 
pressure (from the lowest pressure to the highest one and vice-versa). 
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Figure 5.23. Hydrogen yield from combined methane and ethanol steam reforming at 420 ºC, 10 g h-1 of 
water flow rate and from 200 kPa to 800 kPa and vice-versa. 
 
Figure 5.24. Hydrogen yield from combined methane and ethanol steam reforming at 420 ºC, 15 g h-1 of 
water flow rate and from 200 kPa to 800 kPa and vice-versa. 
 
Figure 5.25. Hydrogen yield from combined methane and ethanol steam reforming at 450 ºC, 10 g h-1 of 
water flow rate and from 200 kPa to 800 kPa and vice-versa. 
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Figure 5.26. Hydrogen yield from combined methane and ethanol steam reforming at 450 ºC, 15 g h-1 of 
water flow rate and from 200 kPa to 800 kPa and vice-versa. 
In all graphs in the tests that begin at lower pressure (200 kPa) the hydrogen 
yield at this pressure is higher than when the test starts at highest pressure (800 
kPa). The same effect is verified in the reverse way; i.e., for the test which starts at 
800 kPa the hydrogen yield at this pressure is almost always higher than when the 
test starts at 200 kPa. Those effects can be understood as a coke formation 
consequence (see Methane Steam Reforming section). 
 Taking into account the best hydrogen yield at 200 kPa, 500 kPa (in this case, 
the highest obtained) and 800 kPa, for each temperature and flow rate new graphs 
can be plotted with only one curve showing its variation with the pressure (Figures 
5.27 to 5.30). 
 
Figure 5.27. Hydrogen yield from combined methane and ethanol steam reforming as a function of total 
pressure at 420 ºC and 10 g h-1 of water flow rate. 
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Figure 5.28. Hydrogen yield from combined methane and ethanol steam reforming as a function of total 
pressure at 420 ºC and 15 g h-1 of water flow rate. 
 
Figure 5.29. Hydrogen yield from combined methane and ethanol steam reforming as a function of total 
pressure at 450 ºC and 10 g h-1 of water flow rate. 
 
Figure 5.30. Hydrogen yield from combined methane and ethanol steam reforming as a function of total 
pressure at 450 ºC and 15 g h-1 of water flow rate. 
The pressure affects the hydrogen production through two opposite effects 
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the shift effect seems to be positively felt, promoting hydrogen production with 
increasing total pressure. 
In Figures 5.31, 5.32, 5.33 and 5.34 are represented the hydrogen percentages in 
the outlet steam (in the lumen side) versus the total pressure, corresponding to the 
points shown in Figures 5.27 to 5.30. 
 
Figure 5.31. Hydrogen percentage present in the retentate side from combined methane and ethanol 
steam reforming as a function of total pressure at 420 ºC and 10 g h-1 of water flow rate. 
 
Figure 5.32. Hydrogen percentage present in the retentate side from combined methane and ethanol 
steam reforming as a function of total pressure at 420 ºC and 15 g h-1 of water flow rate. 
 
 
0
2
4
6
0 200 400 600 800 1000
H
2
 i
n
 t
h
e
 r
e
te
n
ta
te
 s
id
e
 (
%
) 
P (kPa) 
0
2
4
6
8
10
0 200 400 600 800 1000
H
2
 i
n
 t
h
e
 r
e
te
n
ta
te
 s
id
e
 (
%
) 
P (kPa) 
Hydrogen production via dehydrogenation reactions 
 
38 
 
 
Figure 5.33. Hydrogen percentage present in the retentate side from combined methane and ethanol 
steam reforming as a function of total pressure at 450 ºC and 10 g h-1 of water flow rate. 
 
Figure 5.34. Hydrogen percentage present in the retentate side from combined methane and ethanol 
steam reforming as a function of total pressure at 450 ºC and 15 g h-1 of water flow rate. 
These graphs testify the data previously analysed with respect to the hydrogen 
yield. At lower pressures the hydrogen percentage is higher (due to the low 
permeation through the membrane wall), being the general tendency to decrease 
when the pressure increases (more hydrogen is being permeated). 
 
5.2.2 Temperature effect 
The temperatures studied were 420 ºC and 450 ºC. The results presented (Figures 
5.35 and 5.36) are the same shown in the previous sub-chapter but exposed in terms 
of temperature variation and considering the best results before chosen for each 
pressure. 
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Figure 5.35 Hydrogen yield from combined methane and ethanol steam reforming at a water flow rate 
of 10 g h-1 and different temperatures and pressures. 
 
Figure 5.36 Hydrogen yield from combined methane and ethanol steam reforming at a water flow rate 
of 15 g h-1 and different temperatures and pressures. 
The temperature which produced better hydrogen yield was at 450 ºC. The 
combined methane and ethanol reforming is highly endothermic, with a value of 
reaction enthalpy similar to methane steam reforming (cf. eq. 1.3 and 1.6). So the 
hydrogen production is also promoted at high temperatures, as well as is the kinetics 
of each reaction and hydrogen permeation. 
The hydrogen percentage in the retentate side is represented in Figures 5.37 and 
5.38. 
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Figure 5.37. Hydrogen percentage present in the retentate side from combined methane and ethanol 
steam reforming at a water flow rate of 10 g h-1 and different temperatures and pressures. 
 
Figure 5.38. Hydrogen percentage present in the retentate side from combined methane and ethanol 
steam reforming at a water flow rate of 15 g h-1 and different temperatures and pressures 
In accordance to the thermodynamics, coke formation increases with the 
temperature (cf. Appendix G) which can compromise the catalyst and membrane 
performance. Nevertheless the hydrogen permeated has a better yield at 450 ºC. 
 
5.2.3 Feed flow rate effect 
The two feed flow rates studied were i) 1.10×10-5 mole s-1 of methane and 
1.10×10-5 mol s-1 of ethanol for 1.54×10-4 mol s-1 (10 g h-1) of water and ii) 1.65×10-5 
mol s-1 of methane and 1.65×10-5 mol s-1 of ethanol for 2.31×10-4 mol s-1 (15 g h-1)  of 
water; thus, in both cases the CH4:C2H6O:H2O molar ratio was kept constant. The 
results in terms of hydrogen yield are shown in Figures 5.39 and 5.40.  
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Figure 5.39. Hydrogen yield from combined methane and ethanol steam reforming at 420 ºC and 
different water flow rates and total pressures. 
 
 
 
Figure 5.40. Hydrogen yield from combined methane and ethanol steam reforming at 450 ºC and 
different water flow rates and total pressures. 
The graphs presented in Figures 5.39 and 5.40 show that, in general, for the 
higher flow rates, the hydrogen yield is smaller. In fact, at higher flow rates, less 
hydrogen yield is expected to be achieved (as consequence of the residence time 
influence). Apart from that, also some coke formation can be formed; different 
effects are expected due to influence of feed flow rate (due to the increase of 
carbon quantities fed into the membrane reactor per hour for higher feed flow rates, 
and a decrease of the residence time for such reaction to occur - see Methane Steam 
Reforming section). Such phenomenon introduces therefore some complexity in the 
analysis of the results. 
In Figures 5.41 and 5.52 are shown the hydrogen percentages in the retentate 
side. 
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Figure 5.41. Hydrogen percentage present in the retentate side from combined methane and ethanol 
steam reforming at 420 ºC and different water flow rates and total pressures. 
 
Figure 5.42. Hydrogen percentage present in the retentate side from combined methane and ethanol 
steam reforming at 450 ºC and different water flow rates and total pressures. 
 
5.2.4 General analysis 
In Figures 5.43 and 5.44 are shown the hydrogen yields obtained, as predicted by 
thermodynamics, and the experiment results at 420 ºC and 450ºC, at different flow 
rates and pressures. 
0
1
2
3
4
5
6
7
0 200 400 600 800 1000
H
2
 i
n
 t
h
e
 r
e
te
n
ta
te
 (
%
) 
P (kPa) 
10 g/h
15 g/h
0
10
20
30
40
50
60
70
0 200 400 600 800 1000
H
2
 i
n
 t
h
e
 r
e
te
n
ta
te
 (
%
) 
P (kPa) 
10 g/h
15 g/h
Hydrogen production via dehydrogenation reactions 
 
43 
 
 
Figure 5.43. Comparison of H2 yield according to thermodynamics and experimental result at 420 ºC 
from combined methane and ethanol steam reforming. 
 
Figure 5.44. Comparison of H2 yield according to thermodynamics and experimental result at 450 ºC 
from combined methane and ethanol steam reforming. 
In theory (considering only the stoichiometry), by reacting one mole of methane 
and one mole of ethanol with fourteen moles of water results in ten moles of 
hydrogen, three moles of carbon dioxide and eight moles of water (due to water 
excess), which means 77% of hydrogen yield. It is relative to ideal results; i.e. 
complete methane and ethanol conversion. But, taking into account the 
thermodynamics of the reactions and so the influence of the temperature and 
pressure, the hydrogen produced is lower. By the thermodynamic curves it is possible 
to conclude that the reaction is promoted in the forward direction at high 
temperatures and low pressure (Figures 5.43-5.44). At a temperature of 450 ºC and 
at a pressure of 200 kPa, the percentage of hydrogen yield would be 14%, which 
decreases to around 4% at 800 kPa. But, due to shift effect advantage with was 
possible to largely overcome this “limit”. Actually, the best experimental result 
obtained was at 450 ºC, at 800 kPa and a methane flow rate of 3.86×10-5 mol s-1, 
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ethanol flow rate of 3.86×10-5 mol s-1 and a water flow rate of 1.54×10-4 mol s-1 (10 g 
h-1) for which the percentage of hydrogen recovered was 18%. 
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6 Conclusions 
Hydrogen production is an important is an important research due to its potential 
usage as energy carrier. Among all possibilities, this work was particularly focused on 
methane steam reforming and combined methane and ethanol steam reforming in a 
membrane reactor.  
The maximum hydrogen yield obtained by methane steam reforming was 8%, at 
450 ºC, at 800 kPa and a methane flow rate of 3.86×10-5 mol s-1 and a water flow rate 
of 1.54×10-4 mol s-1 (10 g h-1). Although the efficiency of the overall process is under 
10%, the thermodynamic limitations were overcome due to the shift effect advantage 
(selective hydrogen permeation through the membrane). In the other tested 
conditions the hydrogen yield is lower than thermodynamic values, which may in 
particular be attributed to lower driving force for H2 permeation and lower reaction 
kinetics. 
The maximum hydrogen yield obtained by combined methane and ethanol steam 
reforming tests is 18%, at 450 ºC, at 800 kPa and a methane flow rate of 3.86×10-5 
mol s-1, ethanol flow rate of 3.86×10-5 mol s-1 and a water flow rate of 1.54×10-4 mol 
s-1 (10 g h-1). However, in this second reforming test the thermodynamic limitations 
were not overcome just at the lower pressure (200 kPa). Indeed, at this pressure the 
reaction is promoted in the forward way but not the hydrogen permeation through 
the membrane, which negatively affected the shift effect, retarding it. At 500 kPa 
and 800 kPa and 420 ºC and 450 ºC the thermodynamic value based on feed 
conditions was successfully surpassed, whatever the feed flow rate.  
By conciliating the pressure and feed flow rates which provided better hydrogen 
yield with higher temperatures it is anticipated that the hydrogen yield obtained 
could be higher. Maybe at 500 ºC the hydrogen yield could be pretty better. 
Nevertheless, this temperature was not possible to analyse because of the stainless 
steel parts that were joined at the membrane (cf. Fig. 3.1) by brazing at a 
temperature around 450 ºC; if this temperature is surpassed, the stainless steel parts 
are released and the membrane module would not be able to continue the tests. 
As a main conclusion, it is worth mentioning that the thermodynamic limitations 
were overcome, especially in the combined methane and ethanol steam reforming, 
where the hydrogen yield was also better than in the methane steam reforming. 
However, the overall efficiency of both processes is still quiet lower when in 
comparison with the most used process to produce hydrogen in the current days 
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(methane steam reforming in conventional reactors, which efficiencies are around 65 
– 75%). In this sense, some improvements should be done such as increase the brazing 
temperature in the reactor which joins the stainless steel parts to the membrane 
module (or try another method), develop and test bigger plants (with longer 
membrane reactor areas), improve the catalyst (choose another one or develop a 
better one), etc.  
Even so, these experiments were advantageous for ENEA because these were the 
first tests realized in its laboratories in a membrane reactor using the processes of 
methane steam reforming and the combined methane and ethanol steam reforming. 
From here, in the future, advantageous improvements can be done in order to 
increase especially the efficiency of the pure hydrogen production from biomass 
consisting of dilute ethanol in water. 
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8 Appendix 
Appendix A – Experimental Procedure 
The experimental procedure was the same every day for both types of tests, 
permeation and reforming. Each one of them is exposed by points in order to 
facilitate its reading. Although they are similar, some differences can be noted. 
 
Permeation tests 
1. Start running and recording the acquisition and control program 
(Labview). Put the values of temperature, pressures and flow rate desired. 
2. Increase the temperature of the membrane until 300 ºC with N2. 
(1) 
3. When the temperature reaches 300ºC the test with hydrogen can be 
realized. (2) 
4. After the tests, decrease the membrane temperature until 300 ºC and 
flow nitrogen for about 15 to 20 minutes (to remove some possible hydrogen 
that still existed inside of the membrane). 
5. Finally, switch off the heating system and pressurize the membrane. 
First close the outlet valve and after some seconds close the inlet valve. (3) 
 
(1) Below 300 ºC it is not convenient to send hydrogen inside of the membrane due 
to its high solubility in the palladium membranes at low temperatures (under 300 ºC). 
When it happens, the hydrogen uploaded inside the membrane induces its elongation 
and, consequently, its deformation. In some cases, also leaks can be formed 
(hydrogen embrittlement). 
 (2) A special attention should be done during the permeation tests. The 
temperatures inside the membrane can never be higher than 450 º C. The stainless 
steel end parts of the permeator were joined to the Pd-Ag thin wall by brazing. So, 
at higher temperatures, the brazing alloy could melt with formation of leaks in the 
permeator tube (loose of selectivity).  
(3) See chapter Leak Test (Appendix B). 
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Reforming tests 
1. Points 1. and 2. from permeation test procedure. 
2. When at 300 ºC, pass hydrogen at maximum pressure for 30 minutes. (4) 
3.  Increase the temperature until 400 ºC and then pass air for 30 
minutes. (4) 
4. After pass air, pass again hydrogen and check the permeability. If the 
value is too low, pass hydrogen for more 30 minutes. (4) 
5. Increase the membrane temperature flowing nitrogen until the 
temperature of the test. 
6. Open the methane and water feeds. Change the flow rate values and 
increase the pressure at 200 kPa up to 800 kPa (it depends if the test has 
been made from 200 kPa to 800 kPa or the contrary). 
At each pressure wait 30 minutes after the pressure stabilizes and then 
collect the sample for the GC analysis. (5) 
7. When the study is finished repeat points 4.  and 5. from permeation 
test procedure. 
 
(4) Between each change in the gas type, nitrogen should pass for 5 minutes. 
(5) In the cold trap the equilibrium between the vapour (gas) and liquid phases is 
performed at temperatures around -5 ºC. The volume of the vapour (gas) phase is not 
negligible and then the steady state conditions (constant concentration) are reached 
after a certain time from a change of operation conditions (temperature, pressure or 
feed flow rate). So, in order to be sure that the gases leaving the condenser (and 
going to the GC analysis) have stable composition, about 30 minutes have been 
waited before taking the samples for the GC. 
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Appendix B – Leak tests 
Every day, after all the experimental tests, a leak test was performed in order to 
verify if the membrane was damaged. This test consists in pressurizing the membrane 
with nitrogen at the end of the day and let the acquisition program running and 
recording the data during the night. The nitrogen flow rate in the shell side (required 
to avoid the air entering into contact with the external surface of the membrane 
tubes) was reduced to minimum value in order to reduce its consumption. In the 
morning, by a simple calculation it was possible to understand if there was any leak 
or not, and also by making a graph of pressure and temperature inside of the 
membrane versus time, with the recorded data (see example in Figure 7.1).  
 
Figure 8.1. Graph of pressure and temperature versus time of the membrane under pressure, from day 
30/05/2013. 
Frequently, when the membrane was pressurized in the end of the day, the 
membrane temperature was still decreasing, which means that just after some time 
(2-3h) the temperature and the pressure inside of the membrane would be constant. 
Taking into account this detail, a pressure interval where the temperature is 
established is considered. For the calculation are necessary three aspects: the time 
elapsed between the two pressure data chosen and the temperature and the pressure 
inside of the membrane. The point 1 is considered the beginning and the point 2 the 
final one.  
Assuming nitrogen as an ideal gas, the pressure theoretically obtained can be 
calculated by the formula derived from the ideal gas equation, knowing that the 
volume is constant as well as the number of moles (absence of leaks): 
           (8.1) 
           (8.2) 
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From a combination of these equations (8.1) and (8.2) results: 
  
  
 
  
  
 ↔   
    
  
  
   (8.3) 
where   
  is the theoretical pressure calculated, T2 the temperature in point 2 and P1 
and T1 the experimental pressure and temperature in point 1. The real pressure 
obtained is the same as taken from point 2. Hence, making a difference between 
those two pressures (theory and real), and dividing it for the time passed during this 
interval, it is possible to calculate how much pressure (leak rate) was lost per hour: 
  
    
 
              (8.4) 
where both pressures   
  and P2 are in mbar and t the time in hours. Values of leak 
rate below 10 mbar h-1 were considered acceptable (absence of leaks). In fact, these 
leak values are well-below the uncertainties of the measurement instruments 
(sensitivity of the mass flow controller and the mass flow meter, pressure gauges) (1). 
In Table 8.1 all the leak tests realized can be observed. 
Table 8.1. Leak test results realized during all experiments. 
  
Leak rate (mbar h-1) Comments 
7,23 No leak 
77,65 Check in the morning. All ok! 
5,81 No leak 
3,46 No leak 
-6,39 No leak 
24,55 Check in the morning. All ok! 
63,35 Check in the morning. All ok! 
53,95 Check in the morning. All ok! 
0,30 No leak 
3,44 No leak 
-2,87 No leak 
8,48 No leak 
8,18 No leak 
0,16 No leak 
43,53 Check in the morning. All ok! 
5,30 No leak 
39,52 Check in the morning. All ok! 
-46,48 Check in the morning. All ok! 
9,82 No leak 
17,05 Check in the morning. All ok! 
28,09 Check in the morning. All ok! 
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29,34 Check in the morning. All ok! 
0,20 No leak 
10,82 Check in the morning. All ok! 
-78,89 Check in the morning. All ok! 
0,50 No leak 
31,70 Check in the morning. All ok! 
-2,38 No leak 
180,07 No leak 
53,23 Check in the morning. All ok! 
-2,77 No leak 
-0,16 No leak 
-9,11 No leak 
-3,71 No leak 
-12,00 Check in the morning. All ok! 
-3,54 No leak 
-1,00 No leak 
-1,51 No leak 
-2,47 No leak 
-6,07 No leak 
1,41 No leak 
-2,25 No leak 
-1,31 No leak 
-1,20 No leak 
-3,46 No leak 
-1,95 No leak 
-1,72 No leak 
-2,83 No leak 
-1,14 No leak 
-1,73 No leak 
-1,43 No leak 
1,71 No leak 
0,64 No leak 
 
Some results are much bigger than the maximum value accepted for no leak to be 
considered and the others negative. In the first case, it was verified as being due to 
the bad operation of the valves to close both the entrance and the exit steams of the 
membrane (these valves are pretty difficult to close very well). When the inlet valve 
was not very well closed, in the next day, the pressure was a bit higher (Figure 8.2).  
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Figure 8.2. Graph of pressure and temperature versus time of the membrane under pressure with the 
inlet valve not well closed, from day 31/05/2013. 
On the the contrary, when the outlet valve was not totally closed, the pressure 
tended to slowly decrease (Figure 8.3).  
In the second case, the difference between the theoretical pressure calculated 
and the experimental pressure can be negative due to temperature variation during 
the night. When the temperature increases, the pressure decreases. 
 
Figure 8.3. Graph of pressure and temperature versus time of the membrane under pressure with the 
inlet valve not well closed, from day 13/05/2013. 
 
 
 
 
 
 
0
1000
2000
3000
4000
5000
6000
7000
15000 65000 115000 165000 215000 265000
P
 (
m
b
a
r)
 
t (s) 
T memb. (°C)
P.Out (mbar)
0
1000
2000
3000
4000
5000
29000 49000 69000 89000
P
 (
m
b
a
r)
 
t (s) 
T memb. (°C)
P.Out (mbar)
Hydrogen production via dehydrogenation reactions 
 
55 
 
Appendix C – Flow rate calculations 
The water flow rates chosen for these experiments were 10 g h-1 and 15 g h-1. 
However, the methane flow rate is measured by the program in sccm. An example of 
the unit conversions for 10 g h-1 of water flow to methane flow rate in sccm is 
explained below for methane steam reforming and combined methane and ethanol 
steam reforming. 
Methane steam reforming: 
  (           )  
 (         
  )
 (   )
 
      
     
 
   
   
 
     
   
             
By the stoichiomety of the reaction (an excess of water of 4 moles per 1 mole of 
methane): 
 (           )  
  (           )
 
            
Combined methane and ethanol steam reforming: 
  (           )  
 (         
  )
 (   )
 
      
     
 
   
   
 
     
   
             
By the stoichiometry of the reaction (an excess of water of 14 moles per 1 mole 
of methane and 1 mole of ethanol): 
 (           )  
  (           )
  
            
Nonetheless, the ethanol is diluted in water and so its flow rate is also in g h-1: 
 (            
  )  
  (         
   )
 (      )
 
 (   )
  
           
Thus, the final water flow rate (total) should be the sum of the water plus the 
ethanol: 
  (         
   )   (            
  )                     
In Tables 8.2, 8.3, 8.4 and 8.5 are shown all the results for the flow rate 
conversion. 
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Table 8.2. Flow rate conversion for methane steam reforming for 10 g h-1 of water. 
10 g h-1 
H2O H2O CH4 
(g h-1) (sccm) (sccm) 
10 207.41 51.85 
 
Table 8.3. Flow rate conversion for methane steam reforming for 15 g h-1 of water. 
15 g h-1 
H2O H2O CH4 
(g h-1) (sccm) (sccm) 
15 311.11 77.78 
 
Table 8.4. Flow rate conversion for combined methane and ethanol steam reforming for 10 g h-1 of 
water. 
10 g h-1 
H2O H2O CH4 C2H5OH H2O + C2H5OH 
(g h-1) (sccm) (sccm) (g h-1) (g h-1) 
10 207.41 14.82 1.83 11.83 
 
Table 8.5. Flow rate conversion for combined methane and ethanol steam reforming for 15 g h-1 of 
water. 
15 g h-1 
H2O H2O CH4 C2H5OH H2O + C2H5OH 
(g h-1) (sccm) (sccm) (g h-1) (g h-1) 
15 311.1 22.22 2.74 17.74 
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Appendix D – Calculation of quantities of water needed to 
prepare the C2H5OH/H2O mixture 
The purity of the ethanol solution available for the combined methane and 
ethanol steam reforming was 96% (v/v). It means that in this mixture exists 4% of 
water. Thus, taking into account the molar ratio desired C2H5OH/H2O (1:14), it is 
needed to calculate the quantity of water to add in order to obtain the molar ratio 
1:14. 
Considering a volume of 100 cm3 of the ethanol solution at 96%, it means that it 
contains 4 cm3 of water and 96 cm3 of ethanol. Knowing the density of both 
compounds it is possible to calculate how many moles of ethanol exist in this volume: 
  (      )   (      )   (      )  
 
 (      )
           
 
   
 
 
  
 
   
 
         
 Thus, by the stoichiometric ratio (1:14), the volume of the water that should be 
exist in the final mixture can be calculated: 
 (   )     (      )                      
 (   )   (   )   (   )                      
 (   )   (   )   (   )                       
  
But, in the mixture C2H5OH/H2O there is some water (4 cm
3). So the water that 
should be added to the solution in order to obtain the expected proportion is: 
 (   )                 
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Appendix E – Membrane Resistance (RS) 
The process of the hydrogen permeation through the dense metal membranes 
consists of steps (Tosti, 2010): 
1. Hydrogen molecules dissociation in the metal surface; 
2. Hydrogen atoms adsorption in the metal surface; 
3. Hydrogen diffusion through the metal lattice; 
4. Hydrogen atoms desorption in the metal surface; 
5. Hydrogen atoms recombination into molecules at the metal interface.  
The hydrogen permeation on the steps adsorption/diffusion and 
desorption/diffusion is given by the Fick’s law (Vadrucci et al., 2013): 
   
(     )
 
   (8.4) 
where J is the hydrogen flux (mol m-2 s-1), D is the diffusion coefficient (m2 s-1), CH 
and CL (mol m
-3) the hydrogen concentration into the metal on the side at highest 
pressure (lumen side) and the hydrogen concentration into the metal on the side at 
lowest pressure (shell side), respectively, and d the membrane thickness (m).  
Under thermodynamic equilibrium, the hydrogen concentration is proportional to 
the solubility coefficient: 
          (8.5) 
where S is the solubility coefficient (mol m-3 Pa-0.5) and P the hydrogen partial 
pressure (Pa) in the gas phase in equilibrium with the metal. Substituting equation 
8.5 in 8.4 the Sieverts’ law equation appears: 
   
(   
       
   )
 
 
  
 
(  
      
   )  
  
 
(  
      
   )   (8.6) 
where the product DS is the permeability, Pe (mol m-1 Pa-0.5 s-1). 
The factor 0.5 is represented in the general expressions as n (but in this work it 
will be called b) and it can take values between 0.5 (ideal behaviour) and 1. Its 
variation can be a consequence of defects in the dense metal layer or thermal 
history, decrease in the surface reaction rate (embrittlement; it blocks the hydrogen 
dissociation specially when operating at low temperatures), etc. In literature, when 
the factor b is equal to 1, it means that the hydrogen diffusion was very quick (it is 
expected to happen in very thin membranes with a very low surface resistance).  But 
the surface interactions exist and create some resistance in hydrogen permeation 
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and so, these effects should be taken into account. It involves a reduction on the 
permeation driving force. 
In the first contact with the metal surface, the hydrogen flux can also be written 
as shown in equation 8.7: 
            
    (8.7) 
where k1 is the rate of adsorption (mol s
-1 m-1 Pa-1) and k_1 and the rate of 
dissociation (m4 mol-1 s-1). When in equilibrium J is zero and it is possible to assume 
that: 
          
    (8.8) 
By a comparison with equation 8.5: 
  √
  
   
   (8.9) 
By a mathematic combination of equations 8.7, 8.8 and 8.9 results: 
    √   
 
  
   (8.10) 
The same procedure can be followed for the last contact with the metal surface, 
when the recombination and desorption kinetics occur and the hydrogen flux can also 
be written as shown in equation 8.11: 
       
         (8.11) 
where k2 is the rate of desorption (mol s
-1 m-1 Pa-1) and k_2 the rate of recombination 
(m4 mol-1 s-1). Following the same procedure explained for equation 8.10 it is possible 
to write equation 8.12: 
    √   
 
  
   (8.12) 
Assuming that in both surfaces the characteristics are the same, the adsorption 
and desorption constants can be considered equal (k1 = k2 = KD); the same for the 
dissociation and recombination constants. Finally, by combining 8.10 and 8.12 the 
Sieverts’ law equation can be re-written considering the surface resistance: 
  
  
 
(√       √      )   (8.13) 
where RS (Pa s m
2 mol-1) is defined as: 
   
 
  
   (8.14) 
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Appendix F – Thermodynamic studies 
Before the reforming tests, a thermodynamic study was made with the aim of 
apprehending which kind of compounds could be formed beyond hydrogen, carbon 
dioxide and carbon monoxide, using the software AsTher. The study is carried out 
using the best condition which upgrades the reaction, as described in section 5.1.  
 
Methane Steam Reforming 
As it was explained before, in the sub-chapter Methane Steam Reforming, some 
other compounds could be also produced, although in very small quantities. In Table 
8.6 is shown the list of possible substances formed under equilibrium conditions.  
Table 8.6. List of all compounds formed during the methane steam reforming. 
Compounds Outlet steam (mol) Molar content (%) 
C 7.50×10-45 1.38×10-43 
C10H22 3.70×10
-42 6.80×10-41 
C2 3.13×10
-52 5.74×10-51 
C2H 6.38×10
-36 1.17×10-34 
C2H2 2.63×10
-15 4.84×10-14 
C2H2O 2.68×10
-12 4.91×10-11 
C2H3 7.74×10
-20 1.42×10-18 
C2H4 3.52×10
-9 6.47×10-8 
C2H4O 7.86×10
-11 1.44×10-9 
C2H4O2 2.97×10
-10 5.45×10-9 
C2H5 3.58×10
-15 6.57×10-14 
C2H5OH 4.03×10
-12 7.40×10-11 
C2H6 5.33×10
-6 9.78×10-5 
C2H6O 4.00×10
-12 7.34×10-11 
C2O 7.82×10
-31 1.44×10-29 
C3 4.43×10
-50 8.13×10-49 
C3H4 8.69×10
-19 1.60×10-17 
C3H4 4.42×10
-18 8.11×10-17 
C3H6 9.42×10
-16 1.73×10-14 
C3H6 1.67×10
-12 3.07×10-11 
C3H6O 1.17×10
-13 2.15×10-12 
C3H8 1.28×10
-10 2.35×10-9 
C3O2 3.27×10
-21 6.00×10-20 
C4H10 6.03×10
-15 1.11×10-13 
C4H6 5.13×10
-22 9.42×10-21 
C4H8 2.37×10
-21 4.35×10-20 
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C4H8 1.88×10
-16 3.44×10-15 
C5H10 1.33×10
-20 2.43×10-19 
C5H12 1.33×10
-19 2.45×10-18 
C5H8 1.84×10
-21 3.38×10-20 
C5H8 7.42×10
-27 1.36×10-25 
C6H10 1.18×10
-25 2.17×10-24 
C6H12 5.52×10
-25 1.01×10-23 
C6H12 4.60×10
-24 8.45×10-23 
C6H14 3.89×10
-24 7.14×10-23 
C6H6 1.11×10
-19 2.04×10-18 
C6H6O 5.01×10
-24 9.20×10-23 
C7H14 3.60×10
-31 6.62×10-30 
C7H14 2.04×10
-28 3.75×10-27 
C7H16 1.11×10
-28 2.03×10-27 
C7H8 1.08×10
-22 1.98×10-21 
C8H10 7.73×10
-27 1.42×10-25 
C8H10 2.66×10-
27 4.88×10-26 
C8H14 1.25×10
-40 2.30×10-39 
C8H16 3.19×10
-33 5.86×10-32 
C8H18 4.53×10
-33 8.32×10-32 
C9H16 8.04×10
-44 1.48×10-42 
C9H20 1.26×10
-37 2.31×10-36 
CH 2.69×10-38 4.93×10-37 
CH2 2.38×10
-26 4.36×10-25 
CH2O 1.02×10
-8 1.88×10-7 
CH2O2 6.06×10
-8 1.11×10-6 
CH2OH 9.55×10
-18 1.75×10-16 
CH3 1.37×10
-12 2.51×10-11 
CH3O 5.87×10
-21 1.08×10-19 
CH3OH 1.67×10
-11 3.07×10-10 
CH4 0.78 14.39 
CHO 3.09×10-16 5.68×10-15 
CO 0.01 0.13 
CO2 0.20 3.76 
COOH 4.41×10-16 8.11×10-15 
H 9.23×10-14 1.70×10-12 
H2 0.88 16.07 
H2O 3.58 65.66 
H2O2 2.80×10
-25 5.14×10-24 
O 7.82×10-30 1.44×10-28 
O2 2.14×10
-29 3.93×10-28 
O3 9.86×10
-58 1.81×10-56 
OH 4.53×10-17 8.32×10-16 
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 In bold are the substances in larger (non-negligible) quantities. Based in the 
column with the composition in the outlet steam (in moles), it is feasible to realize 
that almost no by-products are formed. Indeed, CH4, H2O, H2, CO2 and CO all 
together represent 99.9% of the products obtained: 
               (                 )
∑(               )
 
                        
    
            
 
Combined Methane and Ethanol Steam Reforming 
The thermodynamic study for the combined methane and ethanol steam 
reforming was done in the same way as for methane steam reforming. In table 8.7 
the list of those compounds is exposed, as described in section 5.2. 
Table 8.7. List of all compounds possible formed during the methane and ethanol steam reforming. 
Compounds Outlet steam (mol) Molar content (%) 
C 2.51×10-44 1.37×10-45 
C10H22 1.62×10
-42 8.85×10-44 
C2 1.03×10
-51 5.65×10-53 
C2H 1.93×10
-35 1.05×10-36 
C2H2 7.30×10
-15 3.99×10-16 
C2H2O 9.37×10
-12 5.13×10-13 
C2H3 1.97×10
-19 1.08×10-20 
C2H4 8.20×10
-9 4.49×10-10 
C2H4O 2.31×10
-10 1.27×10-11 
C2H4O2 1.11×10
-9 6.06×10-11 
C2H5 7.64×10
-15 4.18×10-16 
C2H5OH 9.96×10
-12 5.45×10-13 
C2H6 1.04×10
-5 5.70×10-7 
C2H6O 9.89×10
-12 5.41×10-13 
C2O 3.26×10
-30 1.78×10-31 
C3 1.44×10
-49 7.90×10-51 
C3H4 2.00×10
-18 1.09×10-19 
C3H4 1.02×10
-17 5.55×10-19 
C3H6 1.82×10
-15 9.95×10-17 
C3H6 3.23×10
-12 1.76×10-13 
C3H6O 2.86×10
-13 1.57×10-14 
C3H8 2.08×10
-10 1.14×10-11 
C3O2 1.71×10
-20 9.33×10-22 
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C4H10 8.11×10
-15 4.44×10-16 
C4H6 9.77×10
-22 5.34×10-23 
C4H8 3.79×10
-21 2.07×10-22 
C4H8 3.00×10
-16 1.64×10-17 
C5H10 1.76×10
-20 9.62×10-22 
C5H12 1.49×10
-19 8.14×10-21 
C5H8 2.91×10
-21 1.59×10-22 
C5H8 1.17×10
-26 6.41×10-28 
C6H10 1.55×10
-25 8.46×10-27 
C6H12 6.08×10
-25 3.32×10-26 
C6H12 5.07×10
-24 2.77×10-25 
C6H14 3.60×10
-24 1.97×10-25 
C6H6 2.06×10
-19 1.13×10-20 
C6H6O 1.18×10
-23 6.43×10-25 
C7H14 3.29×10
-31 1.80×10-32 
C7H14 1.86×10
-28 1.02×10-29 
C7H16 8.49×10
-29 4.65×10-30 
C7H8 1.66×10
-22 9.06×10-24 
C8H10 9.86×10
-27 5.39×10-28 
C8H10 3.39×10
-27 1.85×10-28 
C8H14 1.13×10
-40 6.18×10-42 
C8H16 2.42×10
-33 1.32×10-34 
C8H18 2.88×10
-33 1.58×10-34 
C9H16 6.00×10
-44 3.28×10-45 
C9H20 6.62×10
-38 3.62×10-39 
CH 8.22×10-38 4.50×10-39 
CH2 6.67×10
-26 3.65×10-27 
CH2O 3.64×10
-8 1.99×10-9 
CH2O2 2.73×10
-7 1.49×10-8 
CH2OH 3.11×10
-17 1.70×10-18 
CH3 3.52×10
-12 1.92×10-13 
CH3O 1.91×10
-20 1.05×10-21 
CH3OH 4.98×10
-11 2.73×10-12 
CH4 1.85 0.10 
CHO 1.20×10-15 6.56×10-17 
CO 0.03 1.59×10-3 
CO2 1.10 0.06 
COOH 2.17×10-15 1.19×10-16 
H 2.86×10-13 1.56×10-14 
H2 2.48 0.14 
H2O 12.82 0.70 
H2O2 1.27E×10
-24 6.97×10-26 
O 3.32×10-29 1.82×10-30 
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O2 1.16×10
-28 6.32×10-30 
O3 6.75×10
-57 3.69×10-58 
OH 1.77×10-16 9.70×10-18 
In bold are the substances in larger quantities. Based in the column with the 
composition in the outlet steam (in moles), it is feasible to realize that almost no by-
products are formed. Indeed, CH4, H2O, H2, CO2 and CO all together represent 99.9% 
of the products obtained; C2H5OH practically does not exist: 
 
               (                 )
∑(               )
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Appendix G – Membrane Regeneration Reactions 
Hydrogen and air were used to regenerate both the membrane and the catalyst. 
The thermodynamic studies were made with software AsTher. 
 
Hydrogenation 
By sending hydrogen inside of the membrane, some coke that probably was 
formed by side-reactions during the reforming can be removed by methanation 
(Borgognoni et al., 2011): 
C (s) + 2H2 (g) ↔ CH4 (g)   𝛥H=-74.8 kJ mol
-1   (8.15) 
For that reaction, and taking into account the limited operation conditions (with 
hydrogen, at minimum temperature of 300 ºC [solubility] and at maximum 450 ºC 
[membrane module limitations]), a thermodynamic study was performed in order to 
investigate the better condition which promotes the methane formation. The results 
are exposed in Figure 8.4. 
 
Figure 8.4. Representative graph of the methane formed and its evolution at different pressures and 
temperatures through the reaction (7.15) at the equilibrium. 
By analyzing Figure 8.4, it can be concluded that at room conditions of 
temperature and high pressure (it was considered 25 ºC and 800 kPa), the reaction in 
the forward way is favoured. However, the minimum temperature that the hydrogen 
can be sending inside of the membrane is 300 ºC in order to avoid its embrittlement. 
Furthermore, below such a temperature the reaction kinetics could also be too slow. 
By this the best condition available and applied during the experiments was 300 ºC 
and 800 kPa. 
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The thermodynamic analysis also demonstrate that practically only methane is 
produced as shown in Table 8.8. 
Table 8.8. List of possible byproducts formed by reacting carbon with hydrogen at 300 ºC and 800 kPa 
Compounds Outlet steam (mol) Molar ratio (%) 
C 6.16×10-59 6.14×10-59 
C10H22 1.01×10
-29 1.01×10-29 
C2 3.51×10
-67 3.51×10-67 
C2H 5.52×10
-46 5.51×10-46 
C2H2 4.04×10
-19 4.03×10-19 
C2H3 2.04×10
-24 2.03×10-24 
C2H4 4.78×10
-10 4.77×10-10 
C2H5 3.00×10
-17 3.00×10-17 
C2H6 1.11×10
-4 1.11×10-4 
C3 3.61×10
-63 3.60×10-63 
C3H4 7.06×10
-21 7.05×10-21 
C3H4 4.82×10
-20 4.81×10-20 
C3H6 6.33×10
-16 6.32×10-16 
C3H6 9.82×10
-12 9.79×10-12 
C3H8 6.45×10
-8 6.43×10-8 
C4H10 7.69×10
-11 7.68×10-11 
C4H6 7.68×10
-23 7.66×10-23 
C4H8 1.35×10
-19 1.35×10-19 
C4H8 5.43×10
-14 5.42×10-14 
C5H10 7.61×10
-16 7.59×10-16 
C5H12 4.56×10
-14 4.55×10-14 
C5H8 2.24×10
-18 2.23×10-18 
C5H8 4.40×10
-26 4.39×10-26 
C6H10 7.83×10
-21 7.81×10-21 
C6H12 2.04×10
-18 2.03×10-18 
C6H12 9.40×10
-18 9.37×10-18 
C6H14 3.38×10
-17 3.37×10-17 
C6H6 1.02×10
-15 1.02×10-15 
C7H14 1.32×10
-23 1.32×10-23 
C7H14 3.12×10
-20 3.12×10-20 
C7H16 2.44×10
-20 2.43×10-20 
C7H8 4.16×10
-17 4.15×10-17 
C8H10 1.17×10
-19 1.17×10-19 
C8H10 2.76×10
-20 2.75×10-20 
C8H14 1.19×10
-35 1.18×10-35 
C8H16 1.04×10
-23 1.04×10-23 
C8H18 2.05×10
-23 2.05×10-23 
C9H16 4.82×10
-38 4.81×10-38 
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C9H20 1.42×10
-26 1.41×10-26 
CH 2.80×10-50 2.79×10-50 
CH2 1.30×10
-34 1.30×10-34 
CH3 1.68×10
-16 1.67×10-16 
CH4 1.00 0.99 
H 4.22×10-20 4.21×10-20 
H2 3.25×10
-3 3.24×10-3 
 
Oxidation 
 Once the accessible conditions of the hydrogenation are not the sufficient to 
remove the coke, an alternative is need. By reacting air (oxygen; nitrogen is neutral) 
with coke results carbon dioxide: 
C (s) + O2 (g) ↔ CO2 (g)   𝛥H=-393.3 kJ mol
-1   (8.16) 
Similar to what happened with hydrogen, a thermodynamic study was realized. 
 
Figure 8.5. Representative graph of the carbon dioxide formed and its evolution at different pressures 
and temperatures. 
The reaction is better performed at low temperatures and high pressures, but the 
differences in terms of conversion are very modest. So, it was achieved at 400 ºC and 
normal pressure. Indeed, at 400 ºC the reaction (8.16) benefits from faster kinetics 
while operation at ambient pressure is of practical application. 
A quantitative study was also achieved. Practically only carbon dioxide is 
produced and coming in the outlet steam, as well as the nitrogen non-reacted. 
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Table 8.9. List of possible byproducts formed by reacting carbon with oxygen. 
Compounds Outlet steam (mol) Molar ratio (%) 
C 1.99×10-61 4.18×10-62 
C10H22 0 0 
C2 1.00×10
-82 2.11×10-83 
C2H 0 0 
C2H2 0 0 
C2H2O 0 0 
C2H3 0 0 
C2H4 0 0 
C2H4O 0 0 
C2H4O2 0 0 
C2H5 0 0 
C2H5OH 0 0 
C2H6 0 0 
C2H6O 0 0 
C2N2 1.02×10
-49 2.15×10-50 
C2O 9.70×10
-53 2.04×10-53 
C3 1.03×10
-93 2.15×10-94 
C3H4 0 0 
C3H4 0 0 
C3H6 0 0 
C3H6 0 0 
C3H6O 0 0 
C3H8 0 0 
C3O2 1.21×10
-48 2.53×10-49 
C4H10 0 0 
C4H6 0 0 
C4H8 0 0 
C4H8 0 0 
C5H10 0 0 
C5H12 0 0 
C5H8 0 0 
C5H8 0 0 
C6H10 0 0 
C6H12 0 0 
C6H12 0 0 
C6H14 0 0 
C6H6 0 0 
C6H6O 0 0 
C7H14 0 0 
C7H14 0 0 
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C7H16 0 0 
C7H8 0 0 
C8H10 0 0 
C8H10 0 0 
C8H14 0 0 
C8H16 0 0 
C8H18 0 0 
C9H16 0 0 
C9H20 0 0 
CCN 2.96×10-83 6.21×10-84 
CH 0 0 
CH2 0 0 
CH2O 0 0 
CH2O2 0 0 
CH2OH 0 0 
CH3 0 0 
CH3O 0 0 
CH3OH 0 0 
CH4 0 0 
CHO 0 0 
CN 2.12×10-42 4.46×10-43 
CN2 4.00×10
-49 8.41×10-50 
CNC 3.22×10-74 6.77×10-75 
CNN 2.70×10-61 5.67×10-62 
CO 2.28×10-9 4.80×10-10 
CO2 1.00 0.21 
COOH 0 0 
H 0 0 
H2 0 0 
H2O 0 0 
H2O2 0 0 
HCCN 0 0 
HCN 0 0 
HNC 0 0 
HNCO 0 0 
HNO3 0 0 
N 1.08×10-33 2.27×10-34 
N2 3.76 0.79 
N2H4 0 0 
N2O 3.52×10
-19 7.39×10-20 
N2O3 8.53×10
-43 1.79×10-43 
N2O4 1.96×10
-51 4.11×10-52 
N2O5 2.06×10
-63 4.32×10-64 
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NCO 1.42×10-33 2.98×10-34 
NH 0 0 
NH2 0 0 
NH3 0 0 
NO 3.33×10-15 6.99×10-16 
NO2 2.08×10
-23 4.37×10-24 
NO3 8.35×10
-40 1.75×10-40 
O 5.48×10-25 1.15×10-25 
O2 1.49×10
-17 3.13×10-18 
O3 5.14×10
-41 1.08×10-41 
OH 0 0 
 
Conclusion  
The reaction 8.16 is strongly exothermic, which means that some heat can be 
released in hot spots and damage the catalyst or the membrane. Thus, in order to 
avoid such a problem, the catalyst regeneration has been carried out in two steps: 
o Sending hydrogen and performing the reaction 8.15 capable to remove 
most of the coke deposited; 
o Sending air in order to remove the residual coke according to reaction 
8.16. 
 
